Sugars are the most abundant organic compounds produced by plants, and can be used to build carbon skeletons and generate energy. The sugar accumulation 1 (OsSAC1) gene encodes a protein with an unknown function that exhibits four N-terminal transmembrane regions and two conserved domains of unknown function, DUF4220 and DUF594.
Introduction
Sugars are the most important organic compounds to be taken up by living organisms and to be used in vivo as carbon skeletons for biosynthesizing many other cellular compounds and to generate energy. Sugars (mainly starch, sucrose and glucose) are produced only by photosynthetic plants. Starch (glucose polymers) is the most important store of carbohydrates in plants, and is deposited in seeds, roots and tubers, which are the main sources of carbohydrates to humans. Starch (along with sucrose) is the main products of photosynthesis in the leaves of most plants. Starch is synthesized in the daytime, temporarily deposited in chloroplasts and degraded during the following night to give mainly maltose and glucose which are transported into the cytosol through transporters embedded in the chloroplast membranes.
Major enzymes involved in starch metabolism have been identified through research using mutant lines. The conversion of glucose-1-phosphate and ATP into ADP-glucose and pyrophosphate, catalyzed by ADP-glucose pyrophosphorylase (AGPase), is a rate-limiting step in the synthesis of starch Smith 1995, Smith et al. 1997) . Arabidopsis mutants with defects in either the large subunit APL1 (adg2-1 mutant) (Lin et al. 1988 , Wang et al. 1997 or the small subunit APS (adg1-1) (Lin et al. 1988 , Wang et al. 1998 ) were found to have greatly decreased AGPase activities, leading to decreased accumulation of starch. Starch synthesis in Arabidopsis occurs in the daytime, and the starch degrades during the following night, making carbon available to the plant. Most mutations of the enzymes involved in the degradation of starch cause excessive accumulation of carbohydrates (Yu et al. 2001 , Niittyla et al. 2004 , Kotting et al. 2005 , Fulton et al. 2008 . Glucan water dikinase (GWD) and phosphoglucan water dikinase (PWD) are involved in the phosphorylation of amylopectin to initiate starch degradation, and the gwd and pwd mutants with mutations in each enzyme were found to exhibit starch excess phenotypes (Yu et al. 2001 , Kotting et al. 2005 . The hydrolysis of a-1,4-linked glucan chains by b-amylase to produce b-maltose is an essential step in the breakdown of starch. Higher starch concentrations and lower night-time maltose concentrations were found in bam3 mutants than in wild-type (WT) plants (Fulton et al. 2008) . Maltose has been found to be the main metabolite of night-time starch breakdown in the chloroplast that is exported. High starch concentrations and very high maltose concentrations have been found in Arabidopsis mex1 mutants, which had mutations in the maltose transporter (MEX1) (Niittyla et al. 2004) .
Sucrose, which is synthesized in the mesophyll cells and concentrated in the phloem parenchyma cells by the symplastic system among the mesophyll cells, flows out from the phloem parenchyma cells into the intercellular spaces between the phloem parenchyma cells and the companion cell-sieve element complexes (CC-SEs). This efflux process is controlled by the SWEET protein (Chen et al. 2010 , Chen et al. 2012 . Sucrose is loaded to the CC-SEs apoplastically by sucrose transporter protein (SUT) or symplastically by plasmodesmata, then transported downwards along the phloem to the sink organs. Moderate defects in sucrose transport in the phloem and excessive accumulation of starch in leaves have been found in the double mutants atsweet11; 12 (Chen et al. 2012) , and stunted growth and accumulation of large quantities of soluble sugar and starch in vegetative tissues have been found in atsuc2 mutants (Srivastava et al. 2008) .
The triose phosphate (trioseP)/phosphate translocator (TPT) embedded in the chloroplast membrane is involved in the exchange of the stomal intermediate carbon metabolites trioseP and cytosolic inorganic phosphose (Pi). The TPT is considered to be the main transporter of photo-assimilates in most plants during the day (Flugge 1999) . TrioseP, produced through CO 2 fixation, is either retained in the chloroplasts involved in the synthesis of temporal starch or exported into the cytosol and converted into sucrose through the synergistic actions of a series of enzymes. The flow of trioseP therefore plays a decisive role in the distribution of fixed carbon. In most plants, such as Arabidopsis thaliana, Nicotiana tabacum and Zea mays, a large proportion of the trioseP is trapped in chloroplasts and used to synthesize transitory starch during the day (Häusler et al. 2000 , Schneider et al. 2002 , Slewinski et al. 2009 ). High starch concentrations and relatively high transitory starch to sucrose ratios have been found in Arabidopsis leaves (Chia et al. 2004 , Srivastava et al. 2008 . However, most trioseP has been found to be transported into the cytosol in other plants, such as rice. Rice leaves therefore accumulate high sucrose concentrations and have relatively low starch to sucrose ratios (Hirose et al. 2013 , Gui et al. 2014 .
In rice, a relatively high proportion of trioseP (produced through the Calvin cycle) forms sucrose, so mutations in genes related to starch metabolism, e.g. OsAPL1 (OsAGPL3), OsGWD1 and OsISA3, hardly influence vegetative growth (Rösti et al. 2007 , Yun et al. 2011 , Hirose et al. 2013 ). However, defects in genes related to sucrose metabolism have strong negative effects on sugar metabolism and plant development. TPT and cytosolic fructose-1,6-biphosphate (cFBPase) play essential roles in the synthesis of sucrose. Markedly decreased photosynthetic rates with decreased Chl contents and severe growth retardation, resulting in plant death, have been found in both ostpt1-1 and oscfbp1 mutants. In 14 CO 2 labeling experiments performed to study carbon partitioning, it was found that more assimilated 14 C partitioned into the insoluble starch fraction (causing the starch synthesis rate to be higher) in both ostpt1-1 and oscfbp1 mutants than in WT plants (Lee et al. 2008 , Lee et al. 2014 ).
In the study described here, we screened our mutant library induced by ethyl methanesulfonate (EMS) and identified a rice mutant called ossac1 (sugar accumulation1). The ossac1 mutant exhibited a sugar (starch, sucrose and glucose) accumulation phenotype caused by a mutation in the OsSAC1 protein, which contains four N-terminal transmembrane domains and two conserved domains of unknown function, DUF4220 and DUF594. OsSAC1 was specifically expressed in the bottom parts of young leaves (the young leaves in this study refer to the young leaves just emerging from the upper leaf sheath) and the developing leaf sheaths (the developing leaf sheaths in this study refer to the developing young leaf sheaths of the just fully expanded source leaves) and was localized at the endoplasmic reticulum (ER). The effects of the mutation on plant growth and carbohydrate accumulation in the leaves are described, and the role of the OsSAC1 protein in the metabolism of sugar in rice leaves is discussed.
Results

Isolation and characterization of the ossac1 mutant
A sugar-accumulating mutant called ossac1 was screened out from our EMS-treated mutant library of Jinhui 10 (J10) that have a genetic background of Oryza sativa indica. The ossac1 phenotype at various stages of growth and development was characterized and analyzed. Throughout its growth, ossac1 had shorter and narrower leaves than the WT, and the upper parts of each leaf in ossac1 remained yellowish with seriously decreased Chl content and an extremely reduced photosynthetic rate when compared with the WT (Fig. 1A , B, J, K; Supplementary Fig. S1 ; Fang et al. 2010 ). The ossac1 mutant exhibited a strongly dwarfed phenotype with shorter and thinner stems than the WT (Fig. 1C -E, L, M). The panicle length of ossac1 during the grain-filling and mature period was 70% of that of the WT (Fig. 1D, F) . The grain-setting rate and 1,000grain weight of ossac1 were 21% and 60%, respectively, of those of the WT (Fig. 1G, H) . The primary and secondary branch numbers per panicle were both much lower for ossac1 than for the WT (Fig. 1I) . Overall, these results indicate that vegetative and reproductive development in ossac1 was strongly inhibited and that OsSAC1 may be involved in regulating the growth and development of rice plants.
Accumulated sugars in the ossac1 mutant
It was previously shown that a large proportion of trioseP in rice is distributed to synthesize cytosol sucrose, giving high sucrose to starch ratios in photosynthetic leaves (Hirose et al. 2013 , Morphologies and agronomic traits of ossac1 mutants and wild-type (WT) plants. Photographs of ossac1 mutants and WT plants at the (A) tillering stage and (C) mature stage showing the stunted growth of the ossac1 mutants. (B) Photograph of ossac1 mutant and WT leaves at the tillering stage showing that the ossac1 mutant had a yellowish leaf. (D) Internodes and panicles of ossac1 mutants and WT plants at the mature stage. The ossac1 internodes were much shorter and thinner than the WT internodes, and the ossac1 panicles were much shorter than the WT panicles and had strongly impaired grain setting rates. (E-M) Agronomic traits of ossac1 mutants and WT plants. All agronomic traits we have counted here were strongly inhibited in the ossac1 plants relative to the WT plants, and all differences reached a highly significant level. **P < 0.001 determined by a Student's t-test. Gui et al. 2014) . We used I 2 /KI staining to determine starch accumulation in the leaves of WT plants and ossac1 mutants from the second to the sixth leaf stages ( Fig. 2A) . The starch contents of both WT and ossac1 leaves were higher at the end of the day than at the end of the night, in accordance with the well-known theory that starch is synthesized as a product of photosynthesis during the day (Zeeman et al. 2002 , Zeeman et al. 2007 . From the late second leaf stage, deeper staining (i.e. a higher starch content) was observed in ossac1 than in the WT not only at the end of the day but also at the end of the night. More starch was accumulated in the upper leaves (newly expanded leaves and the second expanded leaf from the top) than in the lower leaves, and this effect was strong at the fourth, fifth and sixth leaf stages. Transmission electron microscopy (TEM) was used to observe the ultrastructure of starch accumulation in ossac1 and the WT at the end of the night during the sixth leaf stage, and the results corresponded to the results of the starch I 2 /KI staining tests. More and larger starch granules were accumulated in the ossac1 chloroplasts than in the WT chloroplasts ( Fig. 2B-E ). Sugar content analysis showed that sucrose was the most abundant soluble sugar in the source leaves (the source leaves in this study refer to the just fully expanded source leaves) of both the WT plants and ossac1 mutants, consistent with the results of previous studies (Hirose et al. 2013 , Gui et al. 2014 ). The starch, sucrose and glucose contents were much higher (by 840%, 20% and 30%, respectively) in the ossac1 source leaves than in the WT source leaves ( Fig. 2F-H) . However, the sucrose content in the ossac1 sink leaves slightly decreased and reached a significant level when compared with the sucrose content in the WT sink leaves (Fig. 2I ). In the developing leaf sheaths, sucrose content was also slightly decreased in the ossac1 mutant compared with the WT, but the difference did not reach a significant level ( Fig. 2K) . In both the sink leaves and the developing leaf sheaths, glucose concentrations were lower (by 8% and 39%, respectively) in the ossac1 mutant than in the WT plants, and both differences reached significant levels ( Fig. 2J, L ).
Isolation and identification of the OsSAC1 gene
The ossac1 mutant was controlled by a single dominant gene, and OsSAC1 was mapped to a 53.5 kb region between simple sequence repeat (SSR) marker c7sr1 and In-Del marker ID10 in the terminal region of the short arm of rice chromosome 7 (Fang et al. 2010) . To fine-map and clone the OsSAC1 gene further, a new polymorphic SSR marker c7sr2 and a total of 3,503 recessive plants were obtained and applied. Ultimately, the OsSAC1 gene has been mapped in a region of 7.48 kb between SSR marker c7sr2 and In-Del marker ID10 (Fig. 3A) . According to Gramene and the Rice Genome Annotation Project, LOC_Os07G02520 is the only gene predicted in this 7.48 kb mapping region, and sequence analysis revealed a single nucleotide substitution (G1238A) in the exon of LOC_Os07G02520 in ossac1 (Fig. 3A) , which resulted in an amino acid substitution (Arg413Lys) ( Fig. 3B ). To verify that this mutation caused the yellowish leaf and stunted growth phenotype, complementary transgenic plants of ossac1 (OESAC1-C) were obtained by expressing the WT OsSAC1 gene under the control of the Cauliflower mosaic virus 35S (CaMV35S) promoter in an ossac1 background. The homozygous OESAC1-C plants showed extremely increased OsSAC1 expression, and resembled the phenotypes of the WT plants ( Fig. 3C, D ; Supplementary Table S1 ). These results indicate that LOC_Os07G02520 is the OsSAC1 gene.
OsSAC1 encodes an endoplasmic reticulum protein with an unknown function
The OsSAC1 gene contains no intron and encodes a protein with 787 amino acids, a predicted molecular mass of 88.21 kDa and a pI of 8.37. The results of a BLAST search indicated that there could be a single copy of the OsSAC1 gene in the rice genome because OsSAC1 shared only 37% amino acid identity with its closest homolog, LOC_Os03G24410. Furthermore, OsSAC1-like proteins (for which the highest proportion of amino acid identities shared with homologs was 39%) have been found in other monocots (Aegilops tauschii subsp. tauschii, Triticum aestivum, Sorghum bicolor, Zea mays and others) but not in dicots, lower plants, animals or microbes, indicating that the pathway involving OsSAC1 is specific to monocots. Sequence analysis using the SMART structure prediction and analysis server revealed that OsSAC1 had four Nterminal transmembrane regions together with two conserved domains of unknown function, DUF4220 and DUF594 ( Fig. 3B ; Supplementary Fig. S3 ). DUF4220 and DUF594 frequently appear in series and are unique to plants, and these domains consist of large families of genes with functions that remain uncharacterized.
An OsSAC1-GFP (green fluorescent protein) fusion vector under the control of the CaMV35S promoter was constructed to investigate the subcellular location of OsSAC1. The fusion construct and an ER marker (ER:mCherry) were co-transferred into rice protoplasts by polyethylene glycol-(PEG) mediated transformation. The results revealed that OsSAC1 was co-localized with ER:mCherry and targeted to the ER (Fig. 4D ).
OsSAC1 is poorly and specifically expressed at the bottom of young leaves and the developing leaf sheaths
We used semi-quantitative real-time PCR (semi qRT-PCR) to examine OsSAC1 expression in various WT and ossac1 tissues, including the roots, the elongating internodes, the bottoms of young leaves (just emerging from the upper leaf sheaths), the tips of young leaves, the bottoms of just fully expanded source leaves, the tips of just fully expanded source leaves, the developing sheaths of just fully expanded source leaves, the developed leaf sheaths, young panicles (<5 cm long), heading panicles (about 15 cm long), panicles before flowering (about 25 cm long) and filling grains. The OsSAC1 expression pattern for the ossac1 mutants was similar to the pattern for the WT plants, and OsSAC1 was expressed at an extremely low level in both the WT tissues and the ossac1 tissues ( Fig. 4A, B) . In both the WT plants and the ossac1 mutants, OsSAC1 was poorly and specifically expressed at the bottoms of young leaves and the developing leaf sheaths, and no expression was Starch I 2 /KI staining results for the wild-type (WT) plants and ossac1 mutants from the early second to the sixth leaf stages. The ossac1 leaves with deeper staining accumulated more starch than the WT leaves from the second leaf stage not only at the end of day but also at the end of the night. TEM observations of the chloroplast starch granule phenotype of the (B, C) WT chloroplasts and (D, E) ossac1 chloroplasts during the sixth leaf stage. More and larger starch granules were present in detected in the other tissues (the roots, the elongating internodes, the tips of young leaves, the bottom and upper parts of source leaves, panicles at various stages and filling grains). We confirmed the OsSAC1 expression pattern using quantitative real-time PCR (qRT-PCR), and the results were in agreement with the semi qRT-PCR results (Fig. 4C) . The OsSAC1 transcripts were a little more abundant at the bottom of young leaves than in the developing leaf sheaths in both the WT and the ossac1 mutant, and, in these two tissues, the ossac1 mutants accumulated less OsSAC1 transcript than the WT. These results indicate that OsSAC1 is specifically and poorly expressed at the bottoms of young leaves and in the developing leaf sheaths where sugar is required.
Expression of the sugar metabolism genes in the source leaves, young leaves and developing leaf sheaths
The most important finding is that OsSAC1 was specifically expressed at the bottoms of young leaves and developing leaf sheaths, which are considered to be carbon-demanding or sink tissues, and that the ossac1 mutants accumulated sugar in source leaves, where no OsSAC1 expression was detected (Figs. 2, 4A-C). Expression patterns for starch metabolism and sucrose metabolism were detected by qRT-PCR in the source leaves, the young leaves and the developing leaf sheaths, and the patterns in WT plants and ossac1 mutants were compared. The newly identified gene regulating the permeability of Significantly higher starch, sucrose and glucose contents were observed in ossac1 source leaves than in WT source leaves. Sucrose (I) and glucose (J) contents in the sink leaves were observed between the WT and the ossac1 mutant. Sucrose (K) and glucose (L) contents in the developing leaf sheaths were measured between the WT and the ossac1 mutant. Each bar shows the mean and each error bar the SD for three replicates. *P < 0.01, **P < 0.001, determined using a Student's t-test. plasmodesmata, OsGSD1, was also analyzed. RbcL and RbcS1 which encode the large and small subunit of Rubisco (the major enzyme for carbon fixation), respectively, exhibited extremely lower expression in the source leaves of ossac1 than in those of the WT (Fig. 5A) . This result is also consistent with the yellowish leaf phenotype and reduced net photosynthetic rate in ossac1 mutants (Figs. 1A, B ; Supplementary Fig. S1 ). The key starch synthesis genes AGPase large subunit 1 (OsAGPL1) and AGPase small subunit 1 (OsAGPS1) were expressed 47-and 8-fold more, respectively, and starch phosphorylase L (OsPHOL) was expressed slightly more in the source leaves of the ossac1 mutants than in the source leaves of the WT plants. In contrast, OsMEX1, a key gene in the starch degradation pathway, was expressed at a much lower level in the ossac1 mutants than in the WT plants (Fig. 5B) . These results indicate that the rate of starch synthesis was higher and the rate of starch degradation lower in the ossac1 source leaves than in the WT source leaves, consistent with the starch accumulation phenotype of the mutant leaves (Fig. 2) . The extremely low levels of OsTPT1 and OsTPT2 expression could indicate decreased trioseP flow for the biosynthesis of sucrose in ossac1 mutants. The expression of sucrose synthesis genes, including OscFBP1 and OscFBP2, sucrose phosphate synthase 1 and 11 (OsSPS1 and OsSPS11) and sucrose transporters OsSUT1, OsSUT2, OsSWEET11 and OsSWEET14, were all negatively affected, but to different extents, in the ossac1 source leaves relative to the WT source leaves, indicating that sucrose synthesis and export were decreased in the ossac1 source leaves relative to the WT source leaves. The differential expression pattern of OsAPGL1, OsAGPS1, OsSWEET11 and OsSWEET14 between the WT and ossac1 in the young leaves ( Fig. 6A ) and developing sheaths (Fig. 6B) were opposite to those in the source leaves ( Fig. 5B, C) . There were no significant differences in OsAGPL1 and OsAPGS1 expression in the WT and ossac1 young leaves, and OsAGPL1 and OsAPGS1 were expressed at a lower level in the ossac1 developing sheaths than in the WT developing sheaths, in contrast to the patterns for the source leaves.
OsSWEET11 and OsSWEET14 were expressed at a much higher level, but to different extents, in both the ossac1 young leaves and developing sheaths than in the WT young leaves and developing sheaths, whereas OsSWEET11 and OsSWEET14 were expressed at a much lower level in the ossac1 source leaves than in the WT source leaves. OsGSD1, which negatively regulates permeability of the plasmodesmata, was expressed relatively strongly in the young leaves and leaf sheaths compared with the degree to which it was expressed in the source leaves (Gui et al. 2014) . The greatly increased OsGSD1 expression in the ossac1 young leaves and developing sheaths indicated that the aperture of the plasmodesmata was decreased in the ossac1 mutants relative to the WT plants.
Discussion
We used a map-based cloning approach to identify a mutated gene in the rice sugar accumulation mutant ossac1. The stunted and yellowish phenotype of ossac1 was complemented by overexpression of a WT copy of the OsSAC1 gene under the control of CaMV35S promoter. The OsSAC1 gene was found to encode a protein that contained two conserved domains, DUF4220 and DUF594, with unknown functions and, by performing a blast search of the US NCBI database, it was found to have no homology with any reported functional proteins from any other species. Large numbers of carbon sources (starch, sucrose and glucose) were trapped in the ossac1 source leaves, resulting in carbon starvation in newly formed organs, inhibiting ossac1 plant development. This was reflected by decreased root growth, decreased tillering, stunted plant growth and poorer yields ( Fig. 1; Supplementary Figs. S1, S2) .
The main form of sugar transported in animals is glucose, but the main sugar transported long distances in plants is sucrose, supplying non-photosynthetic organs with energy and carbon to form skeletons (Lager et al. 2006 , Ayre 2011 , Yuan et al. 2015 . In previous studies, rice was found to have a relatively high sucrose to transitory starch ratio (Hirose et al. 2013 , Gui et al. 2014 . The osapl1 mutants with the Tos17 insertion of OsAPL1 (OsAGPL3) encoding a large AGPase subunit grew and developed normally, showing no decrease in productivity despite the small AGPase subunit being undetectable and AGPase activity and the starch contents of the leaf blades being significantly decreased relative to WT plants (Rösti et al. 2007 ). OsISA3, which encodes an isoamylase, and OsGWD1, which encodes a a-GWD, are involved in starch degradation, and mutants osisa3 and osgwd1 both hyperaccumulated starch in the leaves but exhibited no significant alterations to vegetative growth (Yun et al. 2011 , Hirose et al. 2013 . The sugar-accumulating phenotype of the ossac1 mutant resembled the high sugar content phenotypes of atsuc2 and zmsut1, which have mutations affecting the main sucrose transporter in the phloem sucrose loading system in the source leaves of Arabidopsis and Z. mays, respectively (Srivastava et al. 2008 , Slewinski et al. 2009 ). The results of the studies described above indicate that the leaf starch-, sucrose-and glucose-hyperaccumulating phenotype of the ossac1 mutant might be caused by an impaired sucrose pathway rather than by any effects on pathways related to starch or glucose. We found that the OsSAC1 expression pattern in rice leaves was related to the carbon demand (Fig. 4) . The OsSAC1 protein accumulates in carbon-demanding positions (the bottoms of young leaves and developing sheaths), whereas no OsSAC1 was detected in the carbon-supplying positions (fully developed source leaves). Taking these results together, we speculate that OsSAC1 may have a role in the process through which sucrose is involved at the bottom of young leaves and developing leaf sheaths.
Phloem unloading is responsible for sucrose efflux in sink tissues. Liesche and Schulz (2013) published a review for dicots and suggested that prior to the sink to source transition, developing leaves use a symplastic phloem unloading mechanism, indicated by high abundances of plasmodesmata at all interfaces in the post-phloem pathway, and that a similar situation occurs in monocots, indicated by high frequencies of plasmodesmata and the diffusion of carboxyfluorescein out of the phloem in barley leaves. Rice leaves may also mainly use a symplastic phloem unloading mechanism before the sink to source transition. We detected the expression of a newly identified rice plasmodesmata protein OsGSD1, which interacts with plasmodesmata callose-binding protein (PDCB) and actin, and negatively regulates the permeability of the plasmodesmata (Gui et al. 2014) . The increased expression of OsGSD1 in the young leaves and developing leaf sheaths of the ossac1 mutants indicated that the permeability of the plasmodesmata might be lower in the mutants than in the WT plants (Fig. 6) . We also found that the sucrose and glucose concentrations in the young leaves and developing leaf sheaths of the ossac1 mutants were both lower than those of the WT plants ( Fig. 2I-L) . These results might indicate impaired symplastic phloem unloading in the young leaves and developing leaf sheaths in the ossac1 mutant. Chen et al. (2012) reported that OsWEET11 and OsSWEET14 affect sucrose efflux from the parenchyma to the intercellular space before sucrose is loaded into the phloem. Ma et al. (2017) suggested that OsSWEET11 plays an important role in the release of sucrose from maternal tissues to the maternal-filial interface during the early stages of caryopsis development. Apart from being responsible for sucrose loading in the phloem of source leaves, OsSWEET11 and OsSWEET14 may also play roles in sucrose unloading in sink leaves. Taking the results together, we suggest that OsSAC1 may play a role in regulating symplastic phloem unloading of sucrose in young leaves and developing leaf sheaths, and that increased apoplastic phloem unloading indicated by increased OsSWEET11 and OsSWEET14 expression in young leaves and developing leaf sheaths in ossac1 mutants might be induced to complement decreased permeability of plasmodesmata indicated by increased OsGSD1 expression in these two carbon-demanding tissues (Fig. 6) . In addition, accumulation of sucrose in the source leaves might be caused by impaired permeability of plasmodesmata in the young leaves and developing leaf sheaths (Fig. 2G) . The failure to unload sucrose in the young leaves and developing leaf sheaths could cause sucrose to be accumulated, repressing phloem loading in the source leaves, as indicated by the down-regulated transcripts of three genes involved in sucrose phloem loading (OsSUT1, OsSWEET11 and OsSWEET14; Fig. 5C ).
The four genes encoding the large and small AGPase subunits in rice have been cloned and analyzed (Akihiro et al. 2005 , Lee et al. 2007 ). The plastid-targeted OsAGPL1 (OsAPL3) and OsAGPS1 were found to be expressed at a relatively low level in source leaves but strongly in the early stages of rice endosperm development, when they play principal roles in starch synthesis (Akihiro et al. 2005 , Lee et al. 2007 ). OsAGPL1 transcripts have been found to be induced to a significant degree in response to sucrose and glucose (Akihiro et al. 2005) . The strongly increased OsAGPL1 expression in the ossac1 source leaves could therefore have been induced by increased sucrose and glucose concentrations (Figs. 2I-L, 5B), whereas sucrose and glucose concentrations in the ossac1 mutant young leaves and developing leaf sheaths were both lower than those in the WT young leaves and developing sheaths (Fig. 2I-L) , and, unlike increased expression induced by accumulated sucrose and glucose in source leaves, OsAGPL1 and OsAGPS1 expression in these two parts remained unelevated (in young leaves of the ossac1 mutant expression did not change but decreased to a significant degree in the developing sheaths) (Fig. 6) . According to the studies of Lee et al. (2014) , more 14 C-labeled assimilates were trapped in the chloroplasts and partitioned into the starch synthesis pathway in ostpt1-1 than in WT plants. OsTPT1 and OsTPT2 were both expressed much less in the fully expanded ossac1 leaves than in the fully expanded WT leaves (Fig. 5A) , possibly because of feedback inhibition caused by increased sucrose concentrations and resulting increased trioseP flow into the chloroplast. Combining decreased OsTPT1 and OsTPT2 expression with increased OsAGPL1 and OsAGPS1 transcripts, the starch synthesis rate in the ossac1 source leaf would have been increased, leading to strong accumulation of starch.
The OsSAC1 polypeptide was found to exhibit four N-terminal transmembrane domains and a hydrophilic C-terminal cytoplasmic domain, and subcellular location analysis indicated that OsSAC1 was located on the ER. However, OsSAC1 lacks any cleavable N-terminal signal peptide as predicted by SignalP or a C-terminal ER retention signal (KDEL or HDEL). The results of Frigerio et al. (2001) indicated that soluble ER proteins located in the ER lumen possess a C-terminal tetrapeptide retention signal (KDEL or HDEL). However, such motifs are mostly missing in the ER membrane proteins (McCartney et al. 2004 ). In the multispanning ER membrane proteins, the first transmembrane domain acts as a non-cleavable signal sequence which directs co-translational protein synthesis and acts as a stop transfer sequence to anchor the protein in the ER membrane (Johnson and van Waes 1999) . Therefore, the hydrophobic core of the first transmembrane domain which is often flanked by several N-terminal charged amino acids, is sufficient to act as a signal anchor (High and Dobberstein 1992, Leroch et al. 2008) . Interestingly, the first transmembrane domain of OsSAC1 showed strong hydrophobicity, and OsSAC1 possesses five Nterminal charged amino acids (E2, E6, R7, R16 and D17) ( Supplementary Fig. S3 ). It is well known that photosynthesis and starch metabolism occur in chloroplasts, sucrose metabolism occurs in the cytoplasmic matrix and sucrose loading occurs either symplastically by plasmadesmata or apoplastically by sucrose transporters embedded in the cell membranes, then sucrose is transported in the phloem from the source leaves to the sink organs symplastically and the sucrose is ultimately taken up by sink tissues symplastically or apoplastically (Winter and Huber 2000 , Orzechowski 2008 , Ayre 2011 . Interestingly, the point mutation occurred in the ER membrane-targeted OsSAC1 protein with two conserved domains of unknown function, DUF4220 and DUF594, resulting in high starch, sucrose and glucose concentrations being accumulated in the yellowish source leaves, but low sucrose and glucose concentrations in the developing leaf sheaths and sink leaves of the ossac1 mutant. The ER is a large dynamic membrane structure that plays multiple roles in cells. The main function of the ER is to provide sites for protein synthesis, for the folding, modification and transportation of secreted and integral membrane proteins, and for a subpopulation of cytosolic proteins (Schwarz and Blower 2016) . No ER membrane protein mutants have yet been found to accumulate sugar in plant cells, implying that OsSAC1 targeting the ER membrane could play roles in the synthesis, modification, folding or transport of one or more proteins involved in the allocation of sucrose at the bottom of young leaves and developing leaf sheaths. Most models depict simple plasmodesmata as linear pores in the cell wall, each lined by the plasma membrane, and in the center of the pore lies the desmotubule which is composed of modified cortical ER and is continuous between two adjacent cells (Robards and Lucas 1990, Lucas and Wolf 1993) . Thus, we cannot rule out the possibility that ER-targeted OsSAC1 protein may directly regulate the permeability of plasmodesmata by a mechanism similar to the newly identified OsGSD1 which interacts with PDCB and actin to regulate the aperture of the plasmodesmata and participate in carbon source allocation. Whatever, OsSAC1 has played a role in regulating plant growth, and much work has to be done to explore regulatory pathway in which OsSAC1 involved.
Materials and Methods
Plant materials
The stably inherited mutation in ossac1 was screened from the progeny of the indica restorer line Jinhui 10 with seeds treated with 1% EMS. Jinhui 10 plants represent the WT. Rice plants were cultivated under natural conditions in an experimental field at the Southwest University Rice Research Institute.
Analysis of agronomic traits
Ten mature WT plants and ten mature ossac1 plants were collected, the plant height and the lengths and widths of the first, second and third leaves from the top and the lengths and widths of the six internodes were determined. The yield traits, panicle lengths, filled-grain number per panicle, seed-setting rate and 1,000-grain weight were also determined. Each value given is the mean ± SD for three biological triplicate samples. The Student's t-test was used to perform statistical analyses.
Sugar content analysis
Seedlings from the second leaf stage to the sixth leaf stage of the WT and ossac1 were collected and incubated in a destaining solution (a 1 : 1 mixture of ethanol and acetone) for at least 12 h, then the thoroughly bleached plants were stained with an I 2 /KI solution for 20 min. The just fully expanded source leaves, sink leaves and developing leaf sheaths of the WT plants and ossac1 mutants were harvested on a sunny morning, then each sample was ground to a powder and stored at À80 C. The starch, sucrose and glucose in each sample were extracted and determined following the instructions provided with the starch, sucrose and glucose assay kits, respectively (BioAssay Systems).
Transmission electron microscopy
The cellular structures of the WT and ossac1 leaves were investigated by TEM using the method described by Zhu et al. (2016) with some modifications. During the sixth leaf stage, at 06:00 am on a sunny morning, the middle parts of the just fully expanded leaves of the WT plants and the ossac1 plants grown in the experimental field under natural conditions were collected and fixed in a primary fixative solution (3.5% glutaraldehyde) for 2 d at room temperature. Each sample was washed with 0.1 mol l À1 phosphate buffer solution, then post-fixed for 2 h with 1% osmium tetroxide. The tissues were then stained with uranyl acetate, dehydrated in ethanol and embedded in Spurr's resin before ultrathin sectioning. Each sample was then re-stained and examined using a H-7500 transmission electron microscope (Hitachi High-Technologies).
Fine mapping and isolation of the OsSAC1 gene
The F 1 hybrids between Xinong 1B and ossac1 were constructed and planted. A total of 3,503 recessive mapping plants from the F 2 population were used for fine mapping and isolation of the OsSAC1 gene. Based on the foundations of Fang et al. (2010) , a polymorphic SSR marker c7sr2 was developed in the 53.5 kb region between SSR marker c7sr1 and In-Del marker ID10. Gene prediction was acquired by searching the Gramene database (http://www.gramene.org/) and the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/index. shtml). Protein structure analysis was applied in SMART (http://smart.emblheidelberg.de/).
Vector construction, transformation and identification
The WT OsSAC1 cDNA fragments were cloned into binary pCAMBIA1301 under the control of the CaMV35S promoter. The accuracies of the constructs were confirmed by sequencing, then the constructs were transformed into Agrobacterium spp. strain EHA105. Agrobacterium-mediated rice transformation was carried out following a previously published method (Ren et al. 2016 , Ren et al. 2017 . Transformants were screened out under hygromycin and verified by qRT-PCR. After two generations of self-crossing, homozygous overexpression plants (called OESAC1-C) were selected and verified.
The WT OsSAC1 cDNA fragments were cloned into the pAN580-GFP vector between the SpeI and XbaI sites. The fusion construct and an ER marker (ER:mCherry) were co-transferred into rice protoplasts by PEG-mediated transformation. Fluorescence was detected using a confocal laser scanning microscope (Olympus Fluo View FV1000).
Gene expression analysis
The OsSAC1 gene expression pattern was determined by collecting and analyzing samples of the roots, elongating internodes, bottom of young leaves (just emerging from the upper leaf sheaths), tips of young leaves, bottom of just fully expanded source leaves, tips of just fully expanded source leaves, developing young leaf sheaths of just fully expanded source leaves, developed leaf sheaths, young panicles (<5 cm long), heading panicles (about 15 cm long), panicles before flowering (about 25 cm long) and filling grains. Young leaves (just emerging from leaf sheaths), developing young leaf sheaths (leaf sheaths of just fully expanded source leaves) and just fully expanded source leaves were collected to detect the expression of genes related to starch metabolism, sucrose metabolism and the permeability of plasmodesmata. Total RNA was extracted from each tissue and purified following a previously published method (Zhu et al. 2016) . cDNA was reverse-transcribed from the total RNA using a gDNA Eraser kit (Perfect Real Time) (TAKARA BIO INC.). Semi qRT-PCR was performed by following the instruction of the EasyTaq DNA polymerase (TransGen) and each reaction (20 ml) was provided with about 30 ng of cDNA. Amplifications were performed by the following procedure: 5 min at 94 C, followed by 40 cycles of 30 s at 94 C, 30 s at 60 C and 1 min at 72 C, with a final extension at 72 C for 10 min. A 20 ml aliquot of PCR products of each reaction was detected on a 1% agarose gel. Actin (LOC_OS03G50885) was used as control. qRT-PCR was performed using a SYBR Premix Ex Taq II (Tli RNaseH Plus) kit (TAKARA BIO INC.) with an ABI Prism 7500 Real-time PCR system (Thermo Fisher Scientific). The gene expression data were normalized using the rice ubiquitin gene UBQ5 (OS01G0328400). Primers used in this study are shown in Supplementary Table S2 .
